Abstract. The survival rate of vitrified germinal vesicle (GV) stage porcine oocytes is very low, and it is not known if the vitrification damages the nucleus, cytoplasm or both. We have evaluated the eventual GV or cytoplasmic damage in fully grown (FG) and growing vitrified oocytes. Fifty-five percent of nonvitrified FG cumulus-denuded oocytes reached the metaphase II (MII) stage in culture. When growing oocytes from preantral (PA) and early antral (EA) follicles were matured in vitro, almost all oocytes were arrested at the GV stage (GV stage: PA 88.9 and EA 79.5%, respectively). When fresh GVs from FG, PA and EA oocytes were transferred into fresh enucleated FG oocytes and matured in vitro, some of them reached the MII stage (MII stage: FG/FG 57.5%, PA/FG 9.3% and EA/FG 35.3%, respectively). The maturation rate of vitrified FG oocytes was only 6.1% but increased dramatically when vitrified GVs from FG, PA and EA oocytes were transferred into fresh enucleated FG oocytes (MII stage: VitFG/FG 43.9%, VitPA/FG 7.1% and VitEA/FG 26.3%, respectively). These results were not significantly different from those for the nonvitrified groups (MII stage: FG/FG 57.5%, PA/FG 9.3% and EA/FG 35.3%, respectively). We activated the reconstructed oocytes that received fresh or vitrified GVs (FG/FG, EA/FG, VitFG/FG and VitEA/FG) and examined their embryonic development. Cleaved embryos (nonvitrified groups 13.0-61.8%, vitrified groups 33.3-40.0%) and blastocysts (nonvitrified groups 0.0-18.2%, vitrified groups 0.0-2.9%) were obtained after activation. These results demonstrate that vitrified porcine GVs maintain maturational and developmental competence and that vitrification predominantly damages the cytoplasm.
(J. Reprod. Dev. 57: 335-341, 2011) itrification of oocytes and embryos is a very efficient approach used in areas such as biotechnology and assisted reproductive technology (ART) [1] [2] [3] [4] [5] . However, oocytes, especially GV-stage oocytes, are difficult to vitrify compared with embryos [6] [7] [8] [9] [10] . Thus, it is necessary to examine factors that may influence the low success rate of oocyte vitrification.
In pigs, vitrification has been tested in fully grown oocytes isolated from antral follicles (3 to 5 mm) [9, 10] . Mammalian ovaries, however, contain a huge number of growing oocytes at various stages of development [11, 12] . The vitrification of growing oocytes would make possible the preservation of large quantities of female gametes [13] [14] [15] [16] . In large domestic animals, research on the vitrification of growing oocytes (or ovarian cortical tissue or follicles) is only fragmentary. Moreover, culture systems for growing ungulate oocytes able to produce fully grown oocytes capable of maturation and embryonic development are still not satisfactory when compared with mice [11, 12, 17, 18] . The establishment of new systems able to produce fully competent oocytes from vitrified growing oocytes, i.e, having the ability to mature and develop after fertilization, would be very desirable for many research and practical purposes.
Germinal vesicle transfer (GVT) is useful for understanding the interaction between the nucleus and cytoplasm [19] [20] [21] [22] [23] . In mice, GVs from growing oocytes acquired maturational and developmental competence when transferred into cytoplasts from fully grown oocytes. The transfer of GVs can also rescue oocytes with an abnormal or damaged cytoplasm [21, 24, 25] . Obata et al. [26] and Bao et al. [24] obtained pups from reconstructed oocytes when GVs from growing mouse oocytes were transferred into cytoplasts of previously enucleated fully grown oocytes. Similarly, Bao et al. [27] achieved three pregnancies in cattle using reconstructed oocytes that received nuclei from growing oocytes. Takeuchi et al. [21, 28] indicated that damaged and aged oocytes can be rescued by the GVT technique. Moffa et al. [29] suggested that GVT provides an opportunity for careful evaluation of the normality of GVs and cytoplasts after vitrification. Moreover, it can be used to investigate interactions between the nucleus and cytoplast in oocytes at different stages of growth and maturation or in zygotes [30] . These reports suggested that GVT would provide an opportunity for careful evaluation of the normality of GVs after vitrification and interactions between GVs and the cytoplasm in growing and fully grown oocytes with regards to subsequent maturation and embryonic development. Because cytoplasts for transfer are not always immediately accessible, it is important to test the possibility of storing nuclear material (GVs). Kren et al. [31] found that mouse GVs could be stored in liquid nitrogen and transferred into fresh cytoplasts after warming. The maturation of the reconstructed oocytes was as good as in nonmanipulated controls.
The low survival and maturation rates of porcine GV oocytes after vitrification may be caused by cytoplasmic lipids [32] [33] [34] . The rates increased when these lipids were removed before vitrification by micromanipulation (referred to as "delipation") [32] [33] [34] . It must be noted, however, that cytoplasmic lipids serve as an energy source for maturation and embryonic development in porcine oocytes [35] . Therefore, a new strategy is needed to establish a vitrification system for porcine GV oocytes.
In the present study, we have developed a novel means of vitrifying porcine GV oocytes and tested its efficiency using the GVT technique.
Materials and Methods

Chemicals and media
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical (St. Louis, MO, USA). The medium for dissection of follicles, aspiration and washing of oocytes was HEPESbuffered Tyrode's medium [36] supplemented with 0.1% (w/v) polyvinyl alcohol (TL-Hepes-PVA). The medium for in vitro maturation (IVM) was bovine serum albumin (BSA)-free North Carolina State University-23 (NCSU-23) [37] supplemented with 0.57 mM cysteine, 10% porcine follicular fluid, 0.1 mg/ml sodium pyruvate, 10 IU/ml eCG (Serotropin ® ; Teikokuzouki, Tokyo, Japan) and 10 IU/ml hCG (Gonatropin ® ; Teikokuzouki).
Collection of growing and fully grown (FG) oocytes and their culture in vitro
Porcine ovaries were obtained at a local slaughterhouse and transported to the laboratory within 30 min in a 0.85% NaCl solution at 38 C. After being washed with the 0.85% NaCl solution several times, they were transferred into TL-Hepes-PVA at 38 C and cut into small pieces. Preantral follicles (PA; 501 to 700 μm, in diameter) and early antral follicles (EA; 1.0 to 1.5 mm, in diameter) were dissected from these pieces under a dissecting microscope (SZ40; Olympus, Tokyo, Japan), and then their diameters were measured with an ocular micrometer attached to an inverted microscope (IX70; Olympus). Selected follicles were opened using a 21-gauge needle (Terumo, Tokyo, Japan) attached to a 1-ml syringe (Terumo) and oocytes were released from them. Growing oocytes were completely denuded using a narrow-bore glass pipette before GVT or IVM. After denudation, growing oocytes (DGOs) were incubated in α-Minimum Essential Medium (MEM; Gibco-BRL, Grand Island, NY, USA) supplemented with 5% fetal bovine serum (FBS; Gibco-BRL) to induce the formation of a perivitelline space (PVS) [38, 39] . After 1 to 2 h, only those oocytes that exhibited a PVS were used.
Fully grown (FG) oocytes were aspirated from antral follicles (3 to 5 mm, in diameter) as previously reported [9, 10] . Briefly, FG oocytes were aspirated from antral follicles using an 18-gauge needle (Terumo) attached to a 10-ml syringe (Terumo). Aspirated cumulus oocyte complexes with an evenly granulated cytoplasm and surrounded by a compact cumulus cell mass were selected and washed three times with TL-Hepes-PVA. Then, cumulus cells were removed using a narrow-bore pipette as described above. Denuded oocytes (DOs) were incubated in BSA-free NCSU-23 supplemented with 1 mM dbcAMP (Sigma; NCSU-23 + dbc AMP) at 38.5 C, with 5% CO2 in air, until GVT for formation of a PVS. Some of them were cultured for IVM as control oocytes.
Germinal vesicle transfer (GVT) and electrofusion
All micromanipulations were carried out in TL-Hepes supplemented with 10% FBS (Gibco), 15 μg/ml cytochalasin B (CB; Sigma) and 0.1 μg/ml demecolcine (DM; Sigma; Enu-TL-H). Enucleation was performed as reported [19, 21] with some modifications. Briefly, DOs and DGOs were exposed to BSA-free NCSU-23 supplemented with 0.1% PVA, 0.1 mg/ml sodium pyruvate, 15 μg/ml CB and 0.1 μg/m DM for 30 min at 38.5 C, with 5% CO2 in air. After 30 min, DOs and DGOs were centrifuged for 10 min at 4,100 g in Enu-TL-H for visualization of the GV. Following centrifugation, DOs and DGOs were washed in Enu-TL-H several times and transferred into 5 μl of Enu-TL-H covered with paraffin oil (Nacalai Tesque, Kyoto, Japan) on the lid of a culture dish (Falcon 1006; Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Then, a part of the zona pellucida (ZP) was cut with a glass microneedle tangentially inserted into the PVS against the holding pipette [19, 21] . A GV surrounded by a small amount of cytoplasm was then removed with an enucleation pipette (inner diameter of 30 μm), as shown in Fig. 1 . The enucleated GV was transferred into the PVS of a previously enucleated recipient oocyte (Fig. 1 ). After transfer of the GV under the ZP of the recipient oocyte, the GVcytoplast complex was washed in NCSU-23 + dbc AMP and cultured for 30 min at 38.5 C, with 5% CO2 in air, until electrofusion [19, 21] .
After 30 min, GV-cytoplast complexes were fused using a needle-type electrode in mannitol solution as described previously [19] . The complexes were sandwiched between electrodes attached to micromanipulators. The distance between the electrodes was approximately 150 μm ( Fusion rates were determined 1 h after the pulse by microscopic examination as shown in Fig. 2 . Fused oocytes were subjected to IVM.
Vitrification of GVs from FG, PA and EA oocytes
All procedures of vitrification and warming were performed at room temperature (23-25 C) . The cryoprotectants were dissolved in TL-Hepes supplemented with 20% (v/v) FBS (Gibco) (holding medium; HM). The vitrification and warming of GVs were performed as reported previously [30] . Briefly, isolated GVs were transferred into evacuated ZPs (maximum 4 GVs, GV-ZP; Fig. 3 ). These GV-ZPs were placed in 15% (v/v) ethylene glycol (EG; Wako Pure Chemical, Osaka, Japan) for 3 min and transferred into the vitrification solution, which consisted of 30% (v/v) EG and 0.5 M sucrose (Suc; Wako Pure Chemical), for 1 min. The GV-ZPs were then loaded into a micropipette tip (Stripper with an MXL3-IND-200 tip, Mid Atlantic Diagnostics, Marlton, NJ, USA) and directly plunged into liquid nitrogen [9] .
Warming of vitrified GVs
The end of the micropipette tip containing GV-ZPs was directly immersed into 1 M Suc for 30 sec at 38 C. The GV-ZPs were transferred into 0.5 M, 0.25 M Suc and HM for 5 min each at room temperature [9] and then incubated in α-MEM supplemented with 5% FBS for 2 h before GVT.
In vitro maturation of intact and reconstructed oocytes
Reconstructed oocytes that received fresh or vitrified GVs originating from FG or growing oocytes (PA or EA) were matured in vitro. Intact DOs (non-GVT oocytes) were used as a control. IVM was performed for 44 h as described previously [9] . Briefly, control and reconstructed oocytes were washed three times with IVM medium supplemented with hormones. One oocyte was introduced into a 10-μl droplet of IVM medium covered with paraffin oil (Nacalai Tesque). IVM was performed as follows. First, control and reconstructed oocytes were cultured in IVM medium supplemented with hormones for 22 h. Thereafter, they were washed five times in IVM medium without hormones and cultured in 10-μl droplets of the same medium for an additional 22 h. Nuclear maturation was assessed after orcein staining [9] . Briefly, oocytes were fixed with Carnoy's solution (ethanol and acetic acid, 3:1) for more than 48 h and stained with 1% orcein. Stained oocytes were evaluated under a phase contrast microscope. Oocytes with the first polar body and a clear metaphase plate were categorized as matured.
Parthenogenetic activation of matured oocytes
To evaluate the developmental potential of matured oocytes, morphologically normal oocytes with first polar bodies were subjected to parthenogenetic activation. The control and reconstructed oocytes were transferred into mannitol solution [19] , and parthenogenetic activation was induced by a single DC pulse of 150 V/mm for 80 μsec with the LF 101 Fusion Machine (TR Tech). The oocytes were then cultured in NCSU-23 supplemented with 5 μg/ ml CB, 10 μg/ml cycloheximide (Sigma) and 4 mg/ml BSA for 5 to 6 h [40, 41] . After that, they were washed in NCSU-23 containing 4 mg/ml BSA and cultured in vitro for 6 days. Nonmanipulated cumulus-oocytes complexes (COCs) and DOs were used as controls. Cleavage rates and blastocyst numbers were recorded after days 2 and 6, respectively.
Statistical analysis
All experiments were replicated more than ten times. The rates of fusion and IVM for each group were analyzed by Fisher's exact test and the chi square test. A value of P<0.05 was determined to be statistically significant. 
Results
In vitro maturation of reconstructed oocytes that received fresh or vitrified GVs from FG or PA oocytes
In vitro maturation of reconstructed oocytes that received fresh or vitrified GVs from FG and EA oocytes
In this experiment, we examined the meiotic competence of fresh and vitrified GVs from EA oocytes. As shown in Table 2 , almost all EA oocytes were arrested at the GV stage (79.5%: 35/ 44), and only a few exhibited GVBD (MI stage: 6.8%: 3/44; (Table 2) . No GVBD was observed in the FG/EA oocytes (0/37). These results suggest that the cytoplasm of EA oocytes still does not contain the factor(s) responsible for meiotic resumption.
In vitro developmental competence of reconstructed oocytes that received fresh and vitrified GVs after parthenogenetic activation
To examine the developmental potential of GV-transferred oocytes, the reconstructed oocytes were subjected to parthenogenetic activation by electrical stimulation. As shown in Table 3 These results clearly indicate that GVs derived from FG oocytes maintain normal maturational and embryonic developmental potential after vitrification. Thus, we suppose that serious damage after vitrification occurred in the cytoplasm and not in the nucleus. Finally, our novel system using GVT seems to be a powerful tool for preserving of female gametes in species with oocytes sensitive to low temperatures. 1 FG and PA oocytes were collected from φ 3-5 mm and φ 501-700 μm follicles, respectively. 2 IVM rates were calculated from fused oocytes. 2 IVM rates were calculated from fused oocytes. 1 FG and EA oocytes were collected from φ 3 to 5 mm and φ 1.0 to 1.5 mm follicles, respectively.
2 Cleaved and blastocyst rates were calculated from fused oocytes.
Discussion
In the present study, we examined whether damage from vitrification in porcine oocytes occurs in the cytoplasm, the nucleus or both by using the GVT technique. We revealed that isolated GVs from FG, PA and EA oocytes survive and maintain maturational and developmental competence after vitrification.
Porcine GV oocytes are highly sensitive to low temperatures [33, 34, 42] ; thus, the survival rate is still low after vitrification [9, 43] . They contain larger amounts of lipids in the cytoplasm than do the oocytes of other animals, and these cytoplasmic lipids are considered the main reason for the low success rates after vitrification [34, 44] . In fact, Park et al. [34] and Hara et al. [44] found that the removal of cytoplasmic lipids increased the survival and maturation rates of vitrified porcine GV oocytes. Furthermore, detailed studies showed a collapse of the cytoskeleton in vitrified porcine oocytes [10, 45, 46] , as well as some intracellular changes, such as a calcium imbalance [47] , mitochondrial damage [9, 48] and apoptosis [49] . Taken together, these reports suggested that vitrification disturbs intracellular homeostasis. To our knowledge, the effects of vitrification upon the nucleus (GV) of porcine GV oocytes had not been investigated. In our study, we examined whether vitrification damages the cytoplasm or GVs of fully grown or growing porcine oocytes.
PA and EA oocytes did not mature after IVM (MII stage: PA 0.0% and EA 0.0%, respectively; Tables 1 and 2 ). However, mature oocytes were obtained after GVT into the FG cytoplast (MII stage: PA/FG 9.3% and EA/FG 35.3%, respectively; Tables 1 and  2 ). Both maturational and developmental competence are highly correlated with oocyte growth [11, 12, 50] . Kanayama et al. [50] demonstrated that growing porcine oocytes from follicles of various diameters (0.5 to 0.7 mm and 1.0 to 1.5 mm in diameter) were unable to reach the MII stage after IVM. Maturation-promoting factor (MPF) is reported to have a pivotal role in meiotic resumption and to be accumulated in FG oocytes during IVM, but not in growing oocytes [50] . We therefore considered that PA and EA oocytes could not mature due to insufficient amounts of MPF in their cytoplasm. However, after GV transfer, PA/FG and EA/FG oocytes were able to reach the MII stage after IVM. We speculate that these reconstructed oocytes matured under the influence of MPF stored in the FG cytoplasm.
Almost all the vitrified FG oocytes degenerated during IVM, and only a small fraction reached the MII stage (6.1%; Tables 1 and  2 ). The maturation rates were dramatically increased when vitrified GVs from FG oocytes were transferred into fresh cytoplast (MII stage: VitFG/FG, 43.9 and 59.2%, respectively; Tables 1 and  2 ). These results were confirmed in PA (MII stage: VitPA/FG, 7.1%, 1/14 oocytes) and EA (VitEA/FG, 26.3%, 5/19 oocytes) oocytes, strongly suggesting that the low survival and maturation rates after vitrification are caused by damage in the cytoplasm and that GVT can prevent such damage. Furthermore, this system, a combination of vitrification and GVT, can be applied not only to the vitrification of oocytes but also to the preservation of zygotes [31, 51] .
In mice, blastocysts and offspring have been produced from growing oocytes by GVT. They were then matured and fertilized in vitro, and the resulting blastocysts were transferred into recipient uteri [52, 53] . However, in large domestic animals, this approach is still difficult [11, 12] , and only a small number of studies have successfully produced blastocysts from growing oocytes [54] . Therefore, other strategies are needed for the production of blastocysts from growing oocytes of large animals. In cattle, blastocysts were obtained from growing oocytes by GVT [27] . However, to our knowledge, no paper has reported the production of blastocysts after GVT in pigs.
In the present study, we obtained blastocysts after vitrification, GVT and parthenogenetic activation. To our knowledge, this is the first report of the production of blastocysts after GVT in pigs. However, the rate of embryonic development up to the blastocyst stage was low, except for in the COCs group (blastocyst stage: COCs 18.2%, DOs 2.4%, FG/FG 2.1% and VitFG/FG 2.9%, respectively; Table 3 ). Pronuclear and embryonic development after fertilization or parthenogenetic activation are regulated by cytoplasmic maturation in which cumulus cells play a pivotal role [55] [56] [57] . In the present study, cumulus cells were completely removed for visualization of the GV before GVT and IVM. The maturational and embryonic developmental rates of denuded oocytes were dramatically decreased compared with those of cumulus cell oocyte complexes due to a decreased amount of transferred RNA and synthesis of glutathione [56, 57] . Also, Fulka et al. [20] reported that the low developmental competence of GVtransferred oocytes was a cause of the denudation of cumulus cells. Therefore, in the present study, the low developmental competence of the control denuded and reconstructed oocytes were considered to be related to the denudation of cumulus cells before IVM. Further study is needed to improve embryonic development in GVtransferred oocytes.
In conclusion, we clearly confirmed that GVs isolated from oocytes at various stages of development survived and maintained their maturational and developmental capabilities after vitrification. Furthermore, damage from the vitrification occurred in the cytoplasm, not in the nucleus, in the porcine oocytes. This is the first successful production of blastocysts after GVT in pigs.
